In earlier studies of one-trial spatial memory in monkeys (Parkinson et al., 1988; Angeli et al., 1993), severe and chronic memory impairment for both object-place association and place alone was found after ablation of the hippocampal formation. The results appeared to provide the first clear-cut evidence in the monkey of the essential role of the hippocampus in spatial memory, but that interpretation neglected the inclusion in the lesion of the underlying posterior parahippocampal region. To determine the separate contributions of the hippocampus and posterior parahippocampal region to these spatial forms of one-trial memory, we trained 10 rhesus monkeys, as before, to remember the spatial positions of either two different trial-unique objects overlying two of the wells in a three-well test tray (object-place trials) or simply two of the three wells (place trials). Six of the monkeys then received ibotenic acid lesions restricted to the hippocampal formation (group H), and the four others received selective ablations of the posterior parahippocampal region (group P), comprising mainly parahippocampal cortex, parasubiculum, and presubiculum. Group H was found to be completely unaffected postoperatively on both types of trials, whereas group P sustained an impairment on both types equal in magnitude to that observed after the combined lesions in the original studies. Thus, contrary to the previous interpretation, one-trial memory for object-place association and, perhaps more fundamentally, one-trial memory for two different places appear to be critically dependent not on the hippocampal formation but rather on the posterior parahippocampal region.
Introduction
In a previous study, one-trial memory for object-place associations was severely impaired by aspiration of the hippocampus but not by aspiration of the amygdala (Parkinson et al., 1988) . The impairment after hippocampal removal was taken as evidence that the primate hippocampus serves the same selective role in spatial memory that had been established earlier for the rodent hippocampus (O'Keefe and Nadel, 1978 ). Yet whether objectplace recognition is in fact hippocampal dependent is still uncertain, for hippocampal aspiration also results in extensive damage to posterior parahippocampal tissue lying caudal to the rhinal cortices. This tissue, consisting mainly of the parahippocampal cortex (areas TF and TH) and parasubiculum/presubiculum, receives direct projections from many areas that participate in processing visuospatial information, e.g., posterior parietal, posterior cingulate, retrosplenial, and dorsolateral prefrontal cortices Pandya, 1976, 1984; Selzter and van Hoesen, 1979; Pandya et al., 1981; Goldman-Rakic et al., 1984; Selemon and Goldman-Rakic, 1988; Cavada and Goldman-Rakic, 1989; Andersen et al., 1990; Suzuki and Amaral, 1994; Morris et al., 1999a,b; Ding et al., 2000) , thereby raising the possibility that damage to the posterior parahippocampal region contributed significantly to the impairment in object-place recognition.
The Parkinson et al. (1988) experiment raised another issue that was left unsettled. Although the results had revealed equivalent deficits on both object-place and place trials (see below), it seemed that the deficit on place trials could have been caused by interference from the concomitant testing on object-place trials, because these two types of trials were identical during the sample phase, differing only at the time of choice. Thus, the monkeys might have failed place trials because they had tried unsuccessfully to form object-place associations in both trial types. However, that possibility was ruled out by a follow-up study (Angeli et al., 1993) , which demonstrated that performance on place trials was impaired just as severely as before although object-place trials were never presented. This finding suggests that the basic contribution of the tissue damaged by aspiration of the hippocampus could be to place memory rather than to object-place association per se.
To examine these issues, we assessed the separate roles of the hippocampus and posterior parahippocampal region in one-trial memory both for places and for object-place pairings by selectively damaging the hippocampus with a neurotoxin in one group of animals and, in another group, ablating the posterior parahippocampal region while leaving the hippocampus intact.
An abstract of this work has been published previously (Malkova and Mishkin, 1997) .
Materials and Methods

Subjects
The subjects were 10 experimentally naive rhesus monkeys (Macaca mulatta), 3 females and 7 males, weighing 4 -6 kg at the beginning of the study. They were housed individually in rooms with automatically regulated lighting (12 hr light/dark cycle) and were maintained on primate chow (No. 5038; PMI Feeds, St. Louis, MO) supplemented with fresh fruit. Water was available ad libitum. The study was conducted under a protocol approved by the Animal Care and Use Committee of the National Institute of Mental Health and in accordance with the Guide for Care and Use of Laboratory Animals adopted by the National Institutes of Health.
After completing preoperative training, the monkeys were divided into two surgical groups that were balanced for preoperative learning and performance scores. Six monkeys (2 female and 4 male) received bilateral lesions of the hippocampal formation made by injections of ibotenic acid (group H), and four monkeys (1 female and 3 male) received bilateral aspiration lesions of the posterior parahippocampal region (group P). Each group's final preoperative performance served as a baseline for assessing its postoperative performance, just as in Parkinson et al. (1988) . The two groups' postoperative scores were then compared with each other as well as with those of three of the monkeys from the original study [cases H1 to H3 (Parkinson et al., 1988) ] that had received hippocampal removal by aspiration (here labeled group H-Asp).
Apparatus and materials
The apparatus and stimuli were identical to those described by Parkinson et al. (1988) . The monkeys were trained in a Wisconsin general testing apparatus inside a darkened, sound-shielded room. Extraneous sound masking was provided by a white-noise generator. The test tray, which was located at the level of the floor of the monkey's transport cage, contained three food wells spaced 18 cm apart and aligned 14 cm in front of the cage. The test compartment was illuminated with a 60 W incandescent bulb, but the monkey's compartment was always unlit. The stimuli consisted of 180 different junk objects that varied widely in color, shape, size, and texture. For each object, an exact duplicate was available. The objects were stored in 18 boxes, each of which contained 10 objects together with their duplicates. Different numbers of objects were required at different stages, with the final stage requiring the use of 48 different objects per session. In this stage, six boxes were used per session. The boxes were used in sequence, and thus at least 2 d intervened between presentations of the objects contained in a given box.
Behavioral procedure
The behavioral methods were also identical to those described in Parkinson et al. (1988) . As detailed below, the monkeys were trained by approximation to perform the one-trial object-place association task, which, in its final form, proceeded as follows (Fig. 1) . On the sample phase of each trial, the animal displaced two trial-unique objects overlying two randomly chosen wells in the three-well test tray. After a 6 sec delay, one of the sample objects was duplicated, and the two identical objects were presented overlying either both of the originally covered wells (objectplace trials) or one of these wells and the third (place trials). To uncover a reward, the animal had to choose whichever object occupied the same location it had occupied in the sample phase. Because the animal could not predict which of the two objects would be duplicated, correct choice on the object-place trials required remembering the locations of both objects after seeing each in its position just once, with new objects appearing as the samples on each succeeding trial. Although the animal also could not predict which trials would be place trials, it was sufficient on these trials simply to remember which wells had been covered in the sample phase, independent of which objects had been used.
Preoperative training and testing. The monkeys were first trained to displace three different objects, used only for this preliminary training, presented one at a time over one of the three wells in a pseudorandom sequence. Uncovering the well revealed a reward, which consisted of either a banana pellet (150 mg) (Noyes, Lancaster, NH) or a raisin, according to the animal's preference. When the monkeys readily displaced the objects, formal training began, which included three stages (stages 1-3) preceding the final stage (stage 4). In all stages, each trial consisted of two parts, a sample phase and a choice test.
In stage 1, the monkey was trained on a variation of delayed matchingto-sample, in which both a trial-unique object and its location served as redundant memory cues. For acquisition, the monkey was required to displace a single, unbaited, sample object, which was placed over each of the three food wells in a pseudorandom order. After a 6 sec delay, the monkey was given a choice test in which the sample, covering the same food well as before, was paired with an unlike object covering one of the other two food wells, and the animal found a reward if it chose the sample object in its original location. In stage 2, the unbaited sample object again appeared over one of the three food wells, but the two objects used for the choice test were identical (i.e., the sample plus its duplicate). On the choice test, one object was presented in the same location in which it had appeared during the sample presentation, and the other was presented in one of the two remaining locations according to a pseudorandom sequence. Thus, at this stage, only the location of the sample object could serve as a memory cue, and the monkey found the reward if it chose the object in that location. In each of these first two stages, the monkeys were trained in daily sessions of 30 trials separated by 15 sec intertrial intervals, 5 d per week, until they reached a criterion of 90% correct responses on each of 2 consecutive days.
Stage 3 consisted of three subtests, each involving a different pair of the three food wells in the sample phase of the trials. Starting with the first subtest, for which the sample phase involved food wells 1 and 3, an unlike pair of unbaited objects was presented, and the monkey was required to displace both. Then, after a 6 sec delay, one of the two sample objects together with its duplicate were presented either over food wells 1 and 3 or over one of these and over food well 2. Thus, half of the trials (first type above) (Fig. 1, left) were object-place trials, which the monkey could solve only by associating each sample object with its location, whereas the other half (second type) (Fig. 1, right) were place trials, which the monkey could solve simply by remembering the locations of the two sample objects (or, alternatively, by remembering the location of the uncovered well in the sample phase and then avoiding it in the choice test). This procedure yielded four different trial configurations per subtest. Testing continued for 24 trials per day (6 each of the 4 configurations) until the monkey reached the criterion of 90% correct responses on each of 2 consecutive days. After reaching criterion, the monkey was transferred to the second subtest, in which only food wells 1 and 2 were used during the sample phase, and, finally, to the third subtest, in which only food wells 2 and 3 were used during this phase. In other respects, the second and third subtests were identical to the first subtest. One-trial object-place association task. This figure shows a schematic drawing of the final stage of the task, in which an unlike pair of unbaited objects was presented in the sample phase. In the test phase, one of the two sample objects together with its exact duplicate were presented either over the same two food wells that were used in acquisition (OBJECT-PLACE TRIALS) or over one of the food wells used for acquisition and over the third, previously unused food well (PLACE TRIALS). Twelve of each trial type were intermixed within a session. ITI, Intertrial interval.
Finally, in stage 4 (Fig. 1) , trials of the three subtests of stage 3 were intermixed in a balanced, pseudorandom order. Two each of the 12 different trial configurations across subtests in stage 3 were combined within a single test session. Otherwise, the testing procedure was identical to that in stage 3, with the trials equally divided between object-place and place trials. Testing continued for 25 d (5 d/week for 5 weeks), and the average score across the 5 weeks was used as the preoperative baseline of performance for each animal. [Three of the animals (H3, 5, 6) scored Ͻ70% correct during either the second or third week of stage 4; they were therefore given 2 additional weeks of testing on this stage, and their preoperative baseline was taken as the average score across weeks 3-7 instead of across weeks 1-5].
Postoperative testing. Postoperatively, the monkeys were tested on the final stage (stage 4) of the task only, for a period of 75 d (5 d/week for 15 weeks).
Magnetic resonance imaging
Several days before surgery, each monkey received a T1-weighted magnetic resonance imaging (MRI) brain scan. Postoperatively, each monkey received at least one scan (either T1-or T2-weighted), with the total number of scans per monkey varying between 2 and 10. For each scanning session, the monkey was anesthetized with a 4:1 (v/v) mixture of ketamine (ketamine hydrochloride, 10 -20 mg/kg, i.m., to effect) and xylazine (0.2-0.4 mg/kg, i.m.) and placed in a specially constructed nonferrous stereotaxic frame (Saunders et al., 1990) . MRI was performed in a 1.5 T Signa unit (GE Medical Systems, Milwaukee, WI) using a 5 inch general purpose surface coil. T1-weighted MR images were obtained using a three-dimensional volume spoiled grass pulse sequence [echo time (TE) 6; repetition time (TR) 25; flip angle 30; number of excitations (NEX) ϭ 4]. Field of view (FOV) was 11 cm, slice thickness was 1 mm, and in-plane resolution was 0.204 mm 2 . T2-weighted scans were obtained using a two-dimensional spin echo pulse sequence (TE 17; TE2 102; TR 3000; NEX ϭ 3). FOV was 11 cm, slice thickness was 1.5 mm, and in-plane resolution was 0.246 mm 2 . The preoperative MRI scans served as a reference for postoperative evaluation of the lesions. In addition, the scans of the monkeys in group H were used to obtain measurements for calculating stereotaxic coordinates for the ibotenic acid injections (Saunders et al., 1990; Malkova et al., 2001) . Postoperatively, three monkeys in group H (H4 -6) received a T2-weighted scan ϳ1 week after each unilateral surgery to enable early assessment of lesion extent (Malkova et al., 2001) , and all monkeys received at least one T1-weighted scan several months after surgery to evaluate lesion extent while they were still undergoing behavioral testing.
Surgery
Because a large and potentially lethal amount of ibotenic acid would have been required for a one-stage bilateral lesion of the hippocampus, these surgeries were performed in two stages, left hemisphere followed by right (except for case H5, in which the order was reversed), separated by a minimum of 2 weeks (range, 14 -22 d). To ensure that both surgical groups were treated similarly, aspiration lesions of the posterior parahippocampal region were also performed in two stages, left hemisphere followed by right, and also separated by at least 2 weeks (range, 15-17 d).
After the monkey was sedated with ketamine hydrochloride (10 mg/ kg), a surgical level of anesthesia was maintained with isoflurane gas (1-2%, to effect) for the duration of surgery, which was performed under aseptic conditions. Monkeys received an intravenous drip solution of isotonic fluids, and their heart rate, respiration rate, blood pressure, expired CO 2 , and body temperature were monitored throughout the procedure. To prevent potential brain swelling, Mannitol (30%; 30 ml, i.v., at 1 ml/min) was administered to the monkeys in group H toward the end of the series of injections and in group P at the beginning of the surgery.
Hippocampal lesions. The lesions were intended to include the entire hippocampal formation, consisting of the dentate gyrus, Ammon's horn (subfields CA1-4), and subiculum, including prosubiculum (Rosene and van Hoesen, 1987; Scharfman et al., 2000) (Fig. 2) . On the basis of the measurements derived from the preoperative series of T1-weighted images, stereotaxic coordinates were determined for a matrix of injections.
In most cases, the injection sites were separated by ϳ2 mm in each plane and were intended on the basis of previous findings to allow diffusion of the ibotenate throughout the area of the intended lesion. A bone flap was made in the appropriate portion of the cranium, and small slits were cut in the dura to allow the 30 gauge needle of a 10 l Hamilton syringe, held in a Kopf electrode manipulator (David Kopf Instruments, Tujunga, CA), to be lowered to the target coordinates. The lesions were made by injections of the excitotoxin, ibotenic acid (Regis Chemical, Morton Grove, IL, or Solid Phase Sciences, San Rafael, CA). At each target site, 1-2 l of ibotenic acid (10 -15 mg/ml) were injected. To allow diffusion of the ibotenic acid into the extracellular space, and to minimize mechanical damage to the tissue, all injections were made at a rate of 0.2 l/min. After the injections were completed, the bone flap was repositioned, and the wound was sutured in anatomical layers.
The first three cases (H1-3) received a total of 14.6 -14.8 l of ibotenate per hemisphere distributed among 12-13 injection sites. Because histological evaluation indicated that each of these lesions was incomplete, the amount for the next surgical series (H4 -6) was increased to a total of 17.4 -25.2 l of ibotenate per hemisphere distributed among 13-19 injection sites. In all three monkeys of the second series, the postoperative T2-weighted MR images indicated that the lesion was still incomplete in at least one hemisphere. These monkeys therefore received additional injections in those hemispheres 122 d (H4), 57 d (H5), and 14 d (H6) after the initial ones.
Posterior parahippocampal lesions. These removals, which were made via a supralabyrinthine approach, were intended to include the parahippocampal cortex (areas TF and TH) and the parasubiculum/presubiculum (Figs. 3, 4) . After part of the temporal bone was removed, the dura mater was opened and reflected, the posterior part of the inferior temporal cortex was gently lifted, and the occipitotemporal sulcus was identified. The boundaries of the cortical lesion were the same as those in the monkeys given hippocampal ablations in the earlier studies (Parkinson et al., 1988; Angeli et al., 1993) , with the exception of the rostral boundary (Fig. 3) . Although the lesions in the earlier experiments extended rostrally to include approximately the posterior half of the entorhinal cortex, those in the present experiment extended only as far forward as the caudal tip of the rhinal sulcus in an attempt to spare completely the entorhinal/perirhinal areas. The lesion was bounded caudally by a coronal line drawn at the rostral limit of the inferior occipital sulcus and ventrolaterally by the fundus of the occipitotemporal sulcus. The cortex on the ventromedial surface of the brain between the fundus of the occiptotemporal sulcus and the brainstem was aspirated with a 22 gauge metal sucker. The cranial defect was then covered by Teflon (Saunders and O'Boyle, 1993) , and the wound was closed in anatomical layers.
All monkeys received a preoperative and postoperative treatment regimen consisting of dexamethasone sodium phosphate (0.4 mg/kg) and Di-Trim (24% w/v solution, 0.1 ml/kg, i.m.; Syntex Animal Health, West Des Moines, IA) for 1 d before surgery and 1 week after surgery to minimize trauma and prevent infection, respectively. They also received postoperative analgesics as determined in consultation with the facility veterinarian.
Histology
At the completion of behavioral testing, monkeys were given an overdose of barbiturate (sodium pentobarbital, 100 mg/kg, i.m.) and perfused through the heart with normal saline followed by aldehyde fixatives. The brains were removed, photographed, and frozen, 50 m coronal sections were cut on a freezing microtome, and every fifth section was mounted, stained with thionin, and coverslipped. Histological sections were examined microscopically, and regions of cell loss and gliosis in group H and the extent of lesions in group P were plotted on drawings of normal coronal sections. The area of intended as well as unintended damage to the surrounding structures was measured in square millimeters on the drawing of each section containing a lesion by tracing the borders of the lesion with a digital tablet system (Wacom Intuos2) linked to a computer.
Results
Lesion assessment
The volume of damage to all areas of interest was expressed as a percentage of normal volume and is presented for each case in Table 1 .
Hippocampal lesions
As indicated in the section on surgery, the damage to the hippocampal formation in the first three cases (H1-3) was incomplete (mean, 41%; range, 30 -55%) ( Table 1 ). In the other three cases (H4 -6), however, the injection of a larger volume of ibotenic acid initially, as well as the addition later of a second series of injections, resulted in more substantial lesions (mean, 81%, range, 70 -91%) (Figs. 2, 5 ). All animals sustained unintended bilateral damage to the parasubiculum/presubiculum (range, 28 -62%), but unintended damage to other areas outside the hippocampal formation was only minimal. This included minor damage to the parahippocampal cortex, bilaterally in three cases (H1-3) and unilaterally in three (H4 -6), and a small amount of unilateral entorhinal damage in two cases (H2 and H4).
Posterior parahippocampal lesions
Three of the monkeys in group P (P1-3) had substantial bilateral damage to the parahippocampal cortex (range, 75-87%) and to the parasubiculum/presubiculum (range, 53-70%) (Fig. 4) . Surrounding areas invaded by the lesions in these three cases include the entorhinal and perirhinal cortices, primarily unilateral in two (P1 and P3) and bilateral in the third (P2), although the damage to the two areas in this case averaged Ͻ20%. In addition, all three cases sustained some damage to visual cortical areas TE (4 -17%) and TEO (12-28%), as well as moderate to severe encroachment of the white matter of the parahippocampal gyrus.
Unlike the lesions in these three cases, the one in P4 (Fig. 4) did not reach the dorsomedial portion of the gyrus. Thus, although this case sustained damage to the parahippocampal cortex in an amount (78%) comparable with that in the other three cases, the parasubiculum/presubiculum was intact, as were the perirhinal/entorhinal cortices, as well as the white matter of the parahippocampal gyrus. Conversely, this case sustained the largest amount of unintended bilateral damage to areas TE (18%) and TEO (43%). Because both the extent of lesion and postoperative performance of P4 differed substantially from those of the other three animals in the group, the results of P4 will be treated separately.
Behavioral assessment
Unlike the animals of the original study (Parkinson et al., 1988) , which performed slightly but significantly better on place trials than on object-place trials both before and after operation, the animals in the current study performed throughout at approximately the same level on both types of trials ( Table 2 ). The explanation for this difference in the results of the two studies is unknown, because the same training procedures were used in both and they yielded the same overall levels of preoperative performance in both (see below). Given the similarity of scores on the two different trial types in the present study, however, the scores were collapsed across this variable for all of the following analyses.
Preoperatively, the 10 animals in this study attained criterion on stages 1-3 in an average of ϳ2200 trials and 450 errors, and they then scored an average of 81% correct responses on the performance test, stage 4 (Table 2, Fig. 6 ). Statistical comparisons confirmed that the animals assigned to groups H and P did not differ significantly on any of these measures.
Postoperatively, however, there were clear differences between the two groups: group H continued to perform at the 80% level just as before, whereas group P (i.e., cases P1-3) fell from this level to an average of ϳ60% correct. As indicated in Table 2 , the 75 postoperative sessions were divided into three blocks of 25 sessions each, and the scores on these three blocks were subjected to a group-by-block ANOVA. The only significant effect was that for group (F ϭ 28.87; df ϭ 1, 7; p Ͻ 0.01). The fact that neither blocks nor the interaction of group by blocks was significant indicates that the animals in both groups performed at a fairly stable level throughout postoperative testing.
As noted earlier, the hippocampal damage in three monkeys of group H (H1-3) averaged only 41%, whereas in the three others (H4 -6) it averaged 81%. Statistical comparison failed to reveal any difference in performance between these two subgroups either before or after operation. This negative result was confirmed by correlation analysis, which likewise failed to reveal a significant relationship between extent of hippocampal damage (range, 30 -91%) and postoperative performance (range, 74 -89%; r ϭ 0.24; p Ͼ 0.05). By contrast, among the animals in group P, case P4 with the relatively small amount of damage to the intended locus, particularly to the parasubicular/presubicular portion of the posterior parahippocampal region, was far less impaired than the three others in that group, falling only 7% from its preoperative level of performance compared with an average drop for the others of 22% (Table 2) .
Preoperatively, there were no differences between group H-Asp of the original study (see Subjects) and the two groups from the current study either in trials and errors to attain criterion on stages 1-3 or in preoperative performance on stage 4. Postoperatively, however, an ANOVA yielded a significant effect of group (F ϭ 27.25; df ϭ 2, 9; p Ͻ 0.01). Pairwise comparisons (Tukey) indicated that group H-Asp performed significantly more poorly than group H ( p Ͻ 0.01) but not more poorly than group P ( p ϭ 0.83).
Discussion
The present results suggest the following: (1) recognition memory for object-place association depends not on the hippocampus but rather on the posterior parahippocampal region; (2) within this region, both the parahippocampal cortex and the parasubiculum/presubiculum make essential contributions; and (3) the basic contribution of both subdivisions of this region is to place memory, with object-place memory constituting a derivative function. These proposals are each considered in turn below, after which they are discussed in relation to some recent findings on the neural substrates of spatial memory in humans. 
Hippocampus versus posterior parahippocampal region
The monkeys with excitotoxic hippocampal lesions showed no impairment on the object-place task. Moreover, there was no relationship between performance and extent of hippocampal damage, which varied widely (range, 30 -91%). By contrast, even partial damage to the posterior parahippocampal region, as in case P4, produced some impairment on the task, and the more extensive damage to this region sustained by the three others in group P caused a deficit as severe as that found in the original study after combined ablation of the hippocampus and the tissue underlying it (group H-Asp). Together, the results thus suggest that the impairment in the original study was caused entirely by the removal of that subhippocampal tissue.
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anterior (i.e., the perirhinal/entorhinal cortices) and not on the posterior portion. However, whether object-place association also requires the rhinal cortices still needs to be determined.
The negative results after selective hippocampal damage resemble those of an earlier experiment (Murray and Mishkin, 1998) , in which ibotenate lesions of the hippocampus and amygdala failed to reproduce an impairment on delayed nonmatching-to-location that had been found previously after aspiration of the hippocampus and amygdala (Malkova et al., 1995) and, more recently, of the hippocampus alone (Alvarado et al., 2002) . This spatial memory deficit too may therefore have resulted from the associated damage to the posterior parahippocampal region, although this of course is a proposal in need of testing.
By contrast to the above forms of spatial memory, tasks requiring memory of where to reach within complex scenes presented on a computer screen (Gaffan, 1994) or where to find food under objects in an open field did reveal impairment after excitotoxic hippocampal lesions Hampstead et al., 2001) . However, unlike the delays in the present study, which lasted only a few seconds, the delays in the scenes task lasted several minutes, and those in the open field task lasted up to several hours. Whether these differences in memory demands account for the differential effects of selective hippocampal lesions is considered again below.
Parahippocampal and parasubicular/presubicular cortices
Comparison among the lesions within group P suggest that the difference in their effects was not associated with differences either in the intended damage to parahippocampal cortex (areas TF and TH), which reached ϳ80% in each of the four cases, or in unintended damage to the inferior temporal visual areas (TE and TEO). Indeed, encroachment on these visual areas was greatest in case P4, which was the least affected animal in the group. Although a contribution to the deficit from this unintended damage cannot be ruled out, the behavioral difference within group P appears to have been caused mainly by the difference in parasubicular/presubicular damage, which was entirely absent in P4 but averaged nearly 60% in cases P1-3. Yet, just as damage to parahippocampal cortex alone was insufficient to produce severe impairment, so too was parasubicular/presubicular damage alone insufficient, because group H incurred nearly as much damage to the parasubiculum/presubiculum as did P1-3. It seems likely, therefore, that the severe impairment found in these three cases was caused by combined damage to both the parahippocampal and parasubicular/presubicular cortices, a combination that only they sustained.
This proposal is consistent with the anatomical literature (see Introduction), which indicates that both parahippocampal and parasubicular/presubicular cortices receive projections from dorsal visuospatial processing areas, sometimes even from the same neurons (Ding et al., 2000) . Because this input courses through the white matter of the posterior parahippocampal region before reaching its targets, invasion of this white matter in cases P1-3 presumably contributed to the effectiveness of the lesion by deafferenting portions of the region that were not damaged directly.
Other evidence has accumulated recently pointing to a role in spatial memory for each of the two posterior parahippocampal subdivisions. For example, lesions in rats of the postrhinal cortex, considered to be the rodent equivalent of the monkey's parahippocampal cortex (Burwell and Amaral, 1998) , were found to impair place-specific fear conditioning (Bucci et al., 2000; Burwell et al., 2002) . Also, compared with a familiar spatial arrangement of a set of objects, novel rearrangements of the same set produced greater c-fos activation of postrhinal cortex in rats (Wan et al., 1999) , and, after lesions of parahippocampal cortex in monkeys, failed to elicit the normal increase in viewing time, implying impaired spatial recognition (Nemanic and Bachevalier, 2002) . Similarly, although the parasubiculum/presubiculum represents only ϳ20% of the posterior parahippocampal region (Table 1) , it is likely to make an important contribution to spatial memory given the finding in both rats and monkeys that this tissue contains head-direction cells (Taube, 1995; Taube et al., 1996; Robertson et al., 1999) . Indeed, reports indicate that lesions of this tissue in rats impair both working and long-term memory for spatial locations (Kesner and Giles, 1998; Liu et al., 2001 ).
Memory for places versus object-place associations
As noted earlier, the evidence obtained by Angeli et al. (1993) suggested that the impairment produced by hippocampectomy in remembering two different object-place pairings on each trial was a secondary consequence of a more fundamental impairment in remembering two different places. One of the possibilities examined in the present study is that this relationship between the two deficits reflects the normal operation of a functional anatomical hierarchy . Specifically, the notion was that the hippocampus, in receipt of inputs from both the anterior and posterior parahippocampal regions, was responsible for combining object recognition mediated by the anterior region with place recognition mediated by the posterior region, thereby enabling the recognition of object-place associations. According to that notion, a posterior parahippocampal lesion would lead to memory deficits both for place and object-place association, just as was found. However, the latter deficit should have been the indirect result of depriving the hippocampus of spatial information, because the process of associating an object and a place was posited to be directly dependent on the hippocampus, and this was not confirmed. Apparently, both place memory and, derivatively, object-place memory, at least as tested here (see below), depend instead on the posterior parahippocampal region and its extrahippocampal projections.
Relationship to recent findings in humans
Although spatial memory in humans, like that in animals, was long considered to depend mainly on the hippocampus, new evidence implicates the posterior parahippocampal region in hu- Figure 6 . Preoperative baseline and postoperative performance on one-trial object-place association task. Each data point represents average score for a block of five daily sessions (120 trials). H, Monkeys with excitotoxic lesions of the hippocampal formation; P, monkeys with ablations of the posterior parahippocampal region; H-Asp, monkeys with hippocampectomy by aspiration that sustained combined damage to the hippocampus and posterior parahippocampal region in the study by Parkinson et al. (1988) . man ability as well. Thus, functional neuroimaging studies have shown that this region is activated during object-location memory (Owen et al., 1996; Johnsrude et al., 1999) and during encoding and retrieval of topographical information present in visuospatial scenes (Aguirre et al., 1996 (Aguirre et al., , 1998 Maguire, 1997; Epstein and Kanwisher, 1998; Maguire et al., 1998; Epstein et al., 1999; Burgess et al., 2001; Rombouts et al., 2001) . Even more directly, spatial memory deficits have been reported in patients with medial temporal lobe damage that appears to have affected mainly the posterior parahippocampal region (Landis et al., 1986; Habib and Sirigu, 1987; Maguire et al., 1996; Bohbot et al., 1998; Barrash et al., 2000; Luzzi et al., 2000; Ploner et al., 2000) .
Despite these potential parallels between the findings in humans and animals, the present results also pose a cross-species puzzle. An impairment in patients with selective hippocampal damage, i.e., damage that seems to spare the subhippocampal cortices (Schoppik et al., 2001) , was obtained on a test of objectplace memory similar in many respects to the one used here Adlam et al., 2002; Holdstock et al., 2002) . There were also differences between the tasks given to the patients and monkeys, however, perhaps the major one being that the memory demands were far greater for the patients, who were required to remember a list of 20 object-place associations rather than just 2. Whether placing greater demands on objectplace memory by increasing list lengths and delays would uncover a deficit in monkeys with selective hippocampal damage remains to be determined.
